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The family approach for related compounds can be used to
evaluate hazard and estimate reference concentrations/doses using
internal dose metrics for a group (family) of metabolically related
compounds. This approach is based upon a simple four-step
framework for organizing and evaluating toxicity data: 1) expo-
sure, 2) tissue dosimetry, 3) mode of action, and 4) response.
Expansion of the traditional exposure-response analysis has been
increasingly incorporated into regulatory guidance for chemical
risk assessment. The family approach represents an advancement
in the planning and use of toxicity testing that is intended to
facilitate the maximal use of toxicity data. The result is a meth-
odology that makes toxicity testing and the development of ac-
ceptable exposure limits as efficient and effective as possible. An
example is provided using butyl acetate and its metabolites (bu-
tanol, butyraldehyde, and butyrate), widely used chemicals pro-
duced synthetically by the industrial oxo process. A template
pharmacokinetic model has been developed that comprises sub-
models for each compound linked in series. This preliminary
model is being used to coordinately plan toxicity studies, pharma-
cokinetic studies, and analyses to obtain reference concentrations/
doses. Implementation of the family approach using pharmacoki-
netic modeling to obtain tissue dose metrics is described and its
applications are evaluated.

Key Words: hazard identification; dose-response assessment;
butyl acetate; tissue dosimetry; mixtures; risk assessment; phar-
macokinetics; reference dose (RfD); reference concentration
(RfC).

exposure standards. Toxicity testing has provided qualitative
hazard identification for increasingly wider ranges of responses
including carcinogenesis, target organ toxicity, and neurologic,
reproductive, and developmental toxicity. In general, regula-
tory agencies have considered it necessary to test individual
chemicals for each of these toxicities using all relevant expo-
sure routes. The two major routes have been oral and inhala-
tion, whereas dermal studies have been carried out less fre-
quently. This exposure—dose-response approach leads to a
large three-dimensional (i.e., exposure routes, doses/concen-
trations, responses) matrix of studies required for evaluation of
the chemicals of interest.

In support of hazard and dose-response assessments, efforts
to establish the biologic foundation for observed toxicologic
effects have focused upon two general groups of processes.
The first are processes that affect the dose of chemical reaching
relevant sites in the body, i,e&the pharmacokinetic processes
of absorption, distribution, metabolism, and elimination. Those
processes that produce sufficient biologic perturbations to re-
sult in toxic effects form the second group. General descrip-
tions of these latter processes are referred to as the mode of
action producing the toxicity. Thus, the traditional exposure-
response framework has evolved into an exposure—tissue do-
simetry—mode-of-action—-response framework. This four-step
framework facilitates organizing and utilizing scientific infor-
mation in toxicology research and quantitative health risk
assessment (Bartaet al., 1998; U.S. EPA, 1996).

Traditionally, risk assessment has relied upon correlationsConsideration of this four-part framework suggests that
between No Observed Adverse Effect Levels (NOAELs) arfjere are opportunities for greater efficiency and effectiveness
exposure concentrations (or doses) for establishing acceptdBItoXicity testing when chemicals of interest are metabolically
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FIG. 1. Oxo process chemical (Alcohol - S SR
families and metabolic pathways for - (Acid:1) |
acetate esters. Acetate esters are me- —<
tabolized by mammals in a three-step
process producing sequentially more
oxidized metabolites of the alcohol

component of the ester. A few exam- Propyl Acetate Propanol Propionaldehyde Propionic Acid
ples of commercially important fam- Butyl Acetate Butanol Butyraldehyde Butyric Acid
ilies are illustrated. Acid 1 is acetate ) .
in all these examples. Isobutyl Acetate Isobutanol Isobutyraldehyde Isobutyric Acid

nal doses, the hazards identified from the study with exterrmmpound and obtain toxicity information from it on
exposure to A can be used to estimate acceptable exposuresther members of the family. Results of exposures with a
both chemicals A and B. This approach was named the fam#ingle compound can be extrapolated to subsequent metabo-
approach in reference to its application to a family of metdites and from one dose route to another (e.g., oral to inhala-
bolically related chemicals. This paper describes this approaamn) (Gerrity and Henry, 1990). This approach is useful for
and its potential implementation for a specific family of cominternal or systemic toxicity; contact site effects (i.e., stomach,
pounds. respiratory tract, or skin) would be evaluated by direct studies
The examples to be used throughout this paper relate tdbecause they are influenced by the route of exposure and the
series of four compounds derivad vivo from sequential physical/chemical properties of the material. In essence, the
metabolism of the parent alkyl ester, butyl acetate (Fig. 1). Tigeal of the family approach is to use the toxicity data from
fifth compound, the initial acid formed by cleaving the ester, isazard identification studies with the parent compound to-
acetate. Acetate is an important intermediate produced dgther with pharmacokinetic data to derive acceptable expo-
normal metabolic processes in the body and generally is rsuire levels for the metabolites, decreasing the amount of tox-
associated with systemic toxicity. This family of compoundsgity testing.
coincidentally, is also related in terms of industrial production. The remainder of this paper describes several aspects of the
The oxo process chemicals are produced first by the catalyflnily approach, including: methods for developing exposure
hydroformylation of short-chain alkene feed stocks, e.g., etlimits, approaches for necessary pharmacokinetic analyses, and
ylene, propylene, butylene. The reaction (alkene plus carbissues for its implementation. Analysis for the n-butyl series of
monoxide and hydrogen) is performed in closed reactors acampounds will be used as an example to illustrate the family
the resulting aldehydes (e.g., propionaldehyde, butyraldehydpproach. The members of this series are n-butyl acetate
isobutyraldehyde, and pentaldehydes) are refined and hydiBuAc) and its subsequent metabolites, n-butanol (BuOH),
genated to form the respective alcohols. The alcohols may méutyraldehyde (BuCHO), and n-butanoic acid (BuCOOH).
further reacted with acetic acid to form the acetate este(blereafter these compounds are referred to without noting that
Examples of these families of related chemicals are also illusiey are the straight chain isomer.) This example is in its
trated in Figure 1. preliminary stages; it is used to illustrate how the well-devel-
These oxo process chemicals typically do not have higiped family approach to risk assessment is applied relatively
toxic potency, often producing fairly nonspecific effects at higbarly in the testing process to coordinately develop both phar-
exposure levels (Bisesi, 1994; Dawtlal., 1998; Lington and macokinetic and toxicity information.
Bevan, 1994). Several are found to occur naturally in food, are
used as flavoring agents in food, or are normal componentsgfyejopment of Exposure Limits Using the Family Approach
intermediary metabolism. However, because they are produced
in high volume and there is the potential for worker and Chronic exposure limits for systemic effects, such as refer-
consumer exposure during their manufacture and use, they anee concentrations (RfC) or reference doses (RfD), are typi-
subject to increased regulatory scrutiny and are targets for teally based upon the correlation between response and expo-
rules requiring additional toxicity testing. The large number cfure (Bartonet al., 1998; Dourson, 1994; U.S. EPA, 1994).
these compounds and the breadth and sophistication of T&ee RfC methodologies have explicitly incorporated tissue
quired tests have placed a high demand on available resourdesimetry into the process, an example of the transition away
prompting a search for more efficient and effective ways foom analyses based on exposure dose. The RfDs and RfCs are
assess hazards posed by the compounds. derived from NOAELSs, inhalation benchmark concentrations
The family approach for risk assessment uses a dosimetfBMC), or oral benchmark doses (BMD), which are deter-
based analysis to interpret a toxicity study with the parentined for the compound to which the animals in the critical
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] physiologically based pharmacokinetic (PBPK) models
Exposure: (Andersen, 1991; Clewell and Andersen, 1994; Clewekl.,
Parent Ester 1995; Leung, 1991), and hybrid models that describe chemicals
and their metabolites using combinations of physiologic and
¢ compartmental approaches (e.g., Gerlowski and Jain, 1983;
Fisheret al., 1989; Fisheet al., 1990). This last approach can
Absorbed Dose: provide some of the advantages of physiologic modeling for
Parent Ester extrapolation while limiting the data requirements for com-
pounds for which simpler descriptions of tissue distribution or
¢ metabolism suffice.

An example illustrates extrapolation to the alcohol metabo-
lite and across dose routes for a toxicity study in which animals
were exposed to parent ester by inhalation (Fig. 3). For extrap-
olation to the alcohol, it might be assumed that the alcohol was
Estert Acid1 Alcohol1 Aldehyde1 Acid2 the only metabolite responsible for the toxicity observed fol-
lowing ester exposure. Estimating the inhalation concentration

of alcohol that would be equivalent to the ester BMC is a
¢ two-step process: 1) determine the internal dose of alcohol
(e.g., blood AUC in Fig. 3A) at the ester BMC, and 2) estimate

Internal Dosimetry:

Tissue Response(s) the alcohol exposure concentration that would produce the
same internal dose. The exposure concentration of alcohol that
¢ would produce the same AUC would be estimated using a
pharmacokinetic analysis describing the blood levels resulting

Adverse Effect(s) from alcohol inhalation.

Dose-route extrapolation involves the same basic process
FIG. 2. Biologic processes leading from exposure to toxicity. The sch@xcept the second step would use pharmacokinetic analysis
matic illustrates major steps following exposure to acetate esters, notably thg#scribing the alcohol blood levels resulting from oral alcohol
metabqlism resulting in internal exposures to the five compounds comprisiagsing (Fig. 3B). Thus, the atmospheric exposure concentra-
the series. tions, skin exposures, or ingested amounts of the compounds
expected to produce the given blood exposures would be
study were exposed. The BMC/D represent statistical estimatedculated with pharmacokinetic models.
of exposure concentrations/doses that would produce a selectetihe family approach provides estimates of the BMC/D for a
low level of response, usually 10% or less (Crump, 198#nhetabolite in animals exposed by inhalation or oral dosing. Der-
Crump, 1995; U.S. EPA, 1995). In current risk assessmemnation of the RfC/D for humans from the animal-based BMC/D
practice, the NOAEL and BMC/D are used essentially equivaay rely upon the default methods; the interspecies extrapolation
alently. Adjustments and uncertainty factors are then appliedrt@y also be based upon internal dosimetry if appropriate data or
obtain the RfC or RfD. pharmacokinetic models for humans are available (Bagtaa.,
Implementation of the family approach relies upon interndl998; Clewell and Andersen, 1987; Jarabek, 1995).
dose metrics rather than the exposure concentration or dos®Vith this analysis, exposure limits can be defined for the
(Fig. 2). Dose metrics could include peak blood concentratigrarent and metabolites using the single toxicity study in which
or area under the curve (AUC) of parent compound and miite animals received external exposure to the parent com-
tabolites in blood or in tissues. Dose metrics in blood amound. Toxicity observed with exposure to the parent ester
generally good surrogates for the dose to the target tissuauld be assumed to be due to each of the metabolites in turn
though mode of action information may indicate that specific.e., alcohol, aldehyde, acid) for obtaining acceptable exposure
tissue dose metrics are necessary (Collins, 1987; O’Flahelttgits. Assuming the toxicity resulted only from a single me-
1989; Voisinet al., 1990). Toxic effects would be assumed ttabolite may overestimate the potential for toxicity if a metab-
result from each circulating chemical individually, and alite were not, in fact, responsible for the toxic effect. Thus,
NOAEL or BMC/D would be established for each compounthis approach should provide reasonable or conservative (i.e.,
using the blood concentration time course. The pharmacokealth-protective) estimates of acceptable exposure levels.
netic analyses used to obtain values for internal dose metrics
will vary depending upon the available pharmacokinetic data- MATERIALS AND METHODS
base and the characteristics of the compound. In some cases,
estimates obtained directly from data will be available, so littRharmacokinetic Model for Butyl Acetate and Metabolites

extrapolation is required. Pharmacokinetic models may include template pharmacokinetic model was developed for the oxo process series
traditional compartmental analyses (Gibaldi and Perrier, 1988) compounds. This model was then parameterized for the butyl series based
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FIG. 3. Extrapolating from the benchmark concentration (BMC) for th

parent ester to the BMC for the alcohol metabolite. Graphs illustrate hypl?-

chemical that are linked by metabolism, forming the subsequent metabolite in
the same tissue (Fig. 4). This approach has been used for a number of PBPK
models, including 2-butanol and its metabolites (Dietzl., 1981), trichlo-
roethylene (Abbas and Fisher, 1997; Clevetlhl., 1995; Fisheet al., 1998),

and several glycol ethers (Borgheffal., 1996; Corlewt al., 1994; Shyet al.,

1993). The metabolic steps were assumed to be irreversible. Preliminary
studies indicated low levels of formation of alcohol from the BUuCHO, but no
detectable reversibility with the other compounds (data not shown).

The pharmacokinetic model includes tissues that are important for systemic
toxicity, storage, metabolism, and elimination. It uses unitpmles, hours,
and milliliters; amounts in moles were converted by the model to grams for
purposes of comparison with available data. Three exposure routes are in-
cluded: iv injection, inhalation, and oral dosing. The model was written using
Advance Continuous Simulation Language (ACSL®) obtained from Mitchell
& Gauthier Associates (MGA) Inc. (Concord, MA). Equivalent software is
now available from Pharsight (Palo Alto, CA).

The BuAc model includes compartments for the liver, lung, fat, other
tissues, arterial blood, and venous blood. Fat was not included in the models
of the metabolites due to their lower lipophilicity. All tissues were described
as well-mixed compartments with rapid equilibration between the blood and
the tissue, i.e., perfusion-limited uptake (see Abbas and Fisher, 1997; Barton
et al., 1999; Corleyet al., 1994 for examples of the relevant equations).

The rate of metabolism was described with a Michaelis-Menten equation in
which metabolism is a function of the maximum metabolic rate for that tissue
(vmax), the free concentration in tissue, and the concentration at which
half-maximal activity occurs (Kjn Values forvmax were allometrically
scaled by [body weight (gj]° to adjust for differing weights in experimental
studies. The rate of metabolism was subtracted from the tissue in the submodel
for the chemical being metabolized and then added in the analogous equation
in the tissue in the submodel for the chemical being formed (see Fig. 4).
Metabolism of BuAc occurred in the nose, venous and arterial blood, and liver,
forming BuOH. Metabolism of BUOH occurred in the liver and the tissue
compartments forming BuCHO. Oxidation of BUOH in the tissue compartment
was included because metabolic clearance was too low to account for observed
data if metabolism was assumed to occur only in the liver. Tissue metabolism
of BUOH was described as a first-order process in which the rate corgitint,
is multiplied by that tissue’s venous concentration to obtain the metabolic rate.
Finally, metabolism of BUCHO to BUuCOOH was assumed to occur in the liver.

Urinary excretion was included for BuAc, BUOH, and BuCOOH; BUuCHO is
too reactive for significant urinary elimination. Urinary filtration was described
as a first-order process, removing compound from the venous blood.

Three routes of administration were included: iv injection, oral intubation,
and inhalation. Intravenous dosing was described as a brief infusion into the
arterial blood at a constant rate. Orally absorbed chemical was added directly
to the liver compartment, simulating the first-pass portal flow from the gas-
trointestinal tract to the liver prior to distribution to the remainder of the body.

The respiratory tract for BuAc consists of the nasal compartments through
which air passes and chemical is extracted prior to reaching the lung compart-
fnent. This description was used because nasal esterases affect the respiratory
ake of ethyl acetate (Morrist al. 1993). For the metabolites, only a lung

thetical areas under the curve (AUC) for each metabolite in blood establistko

partment is included.

in pharmacokinetic experiments using (A) ester inhalation and (B) oral dosmg.l.he modeling of the nose was based upon the models of Mals(1993) and

with the alcohol. The BMC would be obtained by analyzing a toxicity StUd}Slowchalket al. (1997). These models described two airflows in the nose: the

with exposure o the parent ester. The exposure concentration in (A) reSUIt":c'icl)rr\sal medial and lateral/ventral airstreams. The lateral/ventral airstream contacted

a blood AUC of 82 mg*h/L for alcoholl. The results of oral pharmacokinetic

. . fespiratory tissue, whereas the dorsal medial contacted respiratory and olfacto
studies (B) are used to estimate that an oral alcohol dose of 42 mg/kg wo ?ap Y ) . P Y Y
Issues. These tissues were broken up into layers composed of several subcom-

have the same blood AUC, so that would be the equivalent benchmark dose e )

(BMD) for alcohol given by the oral route. partments, e.g., mucus or epithelium. Some of these subcompartm'ents. gontaln
esterase activity (Plowchatit al., 1997). The model for butyl acetate simplified

the description of the subcompartments in Plowcleal&l. (1997) to three tissue

on limited literature data and experiments presented here. This provisiolaers: mucus, epithelium, and blood exchange layers. Future modeling efforts will

parameterization has been used to explore the family approach and to pgzaus on nasal tissue as a site for local toxicity, but for this initial effort metabolism

pharmacokinetic studies to improve the parameterization. The model doesindhese compartments served as presystemic clearance, decreasing the compound

track acetate formed in the initial ester cleavage because it is unlikely awailable to the lungs for systemic uptake.

contribute significantly to systemic toxicity, though it may contribute to nasal Butanol is highly water soluble. Its alveolar absorption is reduced due to

toxicity (i.e., a contact site effect). The model consists of submodels for eagbsorption of the chemical in the upper respiratory tract (Johanson 1991 and
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references therein). This behavior has been described as a wash in-washC@ytanesthesia at each of the following time points: 1.5-2, 2.5, 4, 7, 10, 15,
phenomenon in which chemical equilibrates in the aqueous surface layer of #e and 60 min following dose administration. Due to the several minutes
upper respiratory epithelium, i.e., mucus, during inhalation. It then diffusesquired for obtaining the blood and stopping metabolism by deproteinizing it,
back into exhaled air and is removed from the body. A simple approach uded modeling purposes the measured blood concentrations were assumed to
here for incorporating this phenomenon in a PBPK model is to limit theeflectin vivo concentrations 1 min earlier than the time of deproteinizing the
fraction of the incoming chemical available for absorption, as was done feample. A sample of blood from each animal was deproteinized (Smith, 1984)
2-butoxyethanol and ethanol (Johanson, 1986; Pastiab, 1997). Butanol in using sodium tungstate and cupric sulfate. Samples were sedimented by
humans is approximately 50% available at rest; this decreases to roughly 4@8atrifugation 16,000< g for 4 min. at 5C. Clear supernatant (250) was
at higher levels of activity (Johanson, 1991). The 50% value was assumednjected on a Hewlett Packard 1090 HPLC using a reverse-phase column
be similar for rats, for which there are no data. Thus, the incoming aWhatman Partisil 10 ODS, 4.& 250 mm). The isocratic mobile phase
concentration was multiplied by a factor representing the fraction of chemiaansisted of 25 mM sodium formate buffer (pH 4.0) with 20% acetonitrile at
that would be available for absorption. More complex models such as thdseanl/min. The column effluent was analyzed with a radiochemical flow-
described elsewhere could be attempted (Gerde and Dahl, 1991; Johan$onugh detector (Bechman 171) fitted with a 1QdGscintillant mix flow cell.
1991). Column effluent (1 ml/min) was mixed with scintillant (4 ml/min; Mini-Scint,
Radiomatic Instruments).
Butyl Acetate Pharmacokinetic Studies

Pharmacokinetic studies used male Sprague-Dawley rats [Crl:CD(SD)BR RESULTS AND DISCUSSION
VAF/PLUS] (Charles River, Stone Ridge, NY). The rats were dosed with

radiolabeled BuAc by iv injection and analyzed for BuAc, BuOH, and Bu- . . . . . .
COOH in blood and brain. Only the results from blood are reported in this The family approach integrates information on tissue dosim

paper. Prior to studies, animals were housed in wire-mesh, stainless steel c&§B% and tOXiCitY in Ord_er to estimate acceptab_|e exposure |?Ve|s
in an environmentally controlled room with 12-hr light/dark cycles. Animaifor all the chemicals (i.e., parent and metabolites) present in the

were fed certified rodent dietd libitum; domestic tap water was supplied agnimal’s tissues following dosing with the parent compound,
libitum. Rats were 9-12 weeks of age and weighed between 300 and 400 g at

the start of the study. Animals were randomly selected from the study anir@lé ..
pool. Chemicals used for dosing or analytical standards were n-butyl ace tyl Acetate Toxicity

purchased from Eastman Chemical Co. (Kingsport, TN), n-butyric acid ob- Th temic toxicity of n-butvl tate following inhalati
tained from Sigma Chemical Co. (St. Louis, MO), and“G|n-butyl acetate € systemic toxicity or n-butyl acetate following inhaiation

obtained from Wizard Laboratories, Inc. (West Sacramento, CAE]j- €Xposure has been investigated in a 90-day _SUbChroniC 'St'Udy
butanol was prepared by basic hydrolysis 8fC|n-BuAc. Chemicals were (Bernard and David, 1996) and a subchronic neurotoxicity
assayed for HPLC and/or gas chromatography with mass selective detectiogtigdy (Davidet al., 1998). Reduced activity during exposure to
verify chemical structure and purity. relatively high levels of n-butyl acetate was noted in the

Preliminary studies were carried out to determine a high dose of BuAc that rotoxicity study: however. n mulative neurotoxic effect
did not affect the health status of the rats (Deisinger and English, 1997). E&ﬂu otoxicity study, however, no cumulative neurotoxic ertects

rat was administered 30 mg/kg (meanSD: 30.2+ 0.1 for 32 rats or 16.8&= We€re nOt'ed-_ Signs_ of systemic tOXi(':itY noted in the 90-day
0.6 uCi) via a tail vein. Four animals were euthanized by exsanguination undgdbchronic inhalation study were limited to reduced body
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TABLE 1 TABLE 3
Partition Coefficient Values Kinetic Constants for Metabolism Used in Fitting the
Intravenous and Inhalation Pharmacokinetic Studies
Partition Butyl acetate Butanol
Parameter Inhalation study Intravenous study
Rat blood/air 89.4 (5.5} 1160 (396)
Liver/air 281 (19) 1250 (44)  vmliv?® 75 75
Muscle/air 157 (15) 900 (130) vmblood®© 20 45
Fat/air 1520 (59) 900 (49) vmliv2® 150 150
Liver/blood’ 3.14 1.08 koth2'e 40 40
Lung/blood* 1.76 0.78 vmliva® 100 100
Upper respiratory/blodd 1.76 0.78 vmliv4® 4 4
Other tissues/blodd 1.76 0.78 Km 0.1 0.1
Fat/blood 17.0 0.78
# The metabolic rate constants are allometrically scaled values. The body

Note.Data from Kanekeet al. (1994) weight (BW) specific values used in the model were generated by multiplying

?The values in parentheses are standard deviations of the mean. the allometrically scaled values by (BW).

® Tissue/blood values were derived from the ratio of the tissue/air to the® yvmliv#: maximal rate of metabolism in liver.
blood/air partition coefficient. “vmblood1: maximal rate of metabolism in blood.

¢ The values for lung, upper respiratory, and other tissues were derived fromt This allometrically scaled constant was divided by body wéighto
the experimental muscle/air and blood/air values. obtain the body weight specific value.

¢ koth2: first-order rate constant for metabolism in other tissues
"Km#: Michaelis constanfumole/ml or mM). (All Km values were 0.1.)

weights and reduced weight gain in the groups exposed to

relatively high levels of n-butyl acetate. Reproductive angoqyction of BUCOOH. These data allow development of an
developmental toxicity of n-butyl acetate has been investigatgtio| set of values for the chemical-specific parameters (Ta-

in both rats and rabbits (Hackett al., 1982) and suggests thapes 2 3). These values are adequate for designing further
the material is not a reproductn_/e or d.evelopmental tox'canF'&armacokinetic studies and exploring issues of how to imple-
NOAEL of 500 ppm for 6 h/day is obtained based upon transiepfant 4 family approach for testing and risk assessment. Sub-
sedation and reductions in body weight gain at 1500 ppm.  sequent studies will be used to modify these chemical-specific
parameter values.

The intratracheal inhalation experiment of Groth and

The model was implemented for adult rats exposed to BuAleteundt (1991) provided estimates of the uptake of BuAc by
Chemical-specific parameters were obtained from the literatdhe lungs, its metabolism to BuOH, and the rate of clearance of
or estimated by fitting previously published data or data prBuOH. Anesthetized female Sprague-Dawley rats (290-40 g)
sented here. Tissue:blood partition coefficients for BUAc amdere exposed to air containing an average concentration of 970
BuOH (Table 1) reflect their differing chemical propertieppm BuAc for 5 h. Arterial blood samples were taken period-
(Kanekoet al., 1994). The greater lipid solubility of BuAcically and analyzed for BuAc and BuOH; data were digitized
compared to its metabolites is evident in the moderate fat:blofsdm graphs in this paper. Because the exposure was by tra-
value, whereas the high water solubility of BUOH is evidertheostomy tube, no presystemic nasal metabolic clearance
from the tissue partition coefficient values near 1.0 and theould occur and metabolism rates for BuAc in the nose were
large blood:air value. No data were available for the aldehydet to zero. The concentration presented to the lungs was equal
and acid; the values for BUOH were used for both. The limitdd the measured air concentration. These air concentrations
available pharmacokinetic data were used to estimate valwesre included in a TABLE function available in ACS8Land
for the metabolism (Aarstadt al., 1985; Groth and Freundt,interpolated values were used as the instantaneous inhalation
1991; and data presented here) and clearance parameterscdtmentrations for simulating the 5-h exposure. Metabolic rates
data were available for BUCHO, so the modeling of this confsee Table 3) were estimated by simulating the BuAc and
pound is highly uncertain, being bounded only by the observ8diOH blood concentrations (Fig. 5).

Modeling Butyl Series Pharmacokinetics

TABLE 2
Chemical-Specific Uptake and Clearance Parameters

Parameter Value (units) Reference
Urinary filtration of BuAc (kfilt1) 0.1 (hr) Fitted as described in text
Urinary filtration of BUOH (kfilt2) 30 (hr?) Based on Dietzt al., 1981
Urinary filtration of BUCOOH (kfilt4) 0.1 (hr?) Based on DiVincenzo and Hamilton, 1979

Respiratory absorption of BUOHH) 0.5 (fractionofinhaled) Aarstadet al., 1985
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+ Exposure Concentration their absorption by the different routes. The model currently
o Blood BuOH accommodates iv injection, an experimentally important route,
A Blood BuAc . . .
and oral or inhalation exposures, routes that are important for
1200 100 human exposures. Dermal pathways can readily be incorpo-

rated in the future.

The inhalation model for BUAc incorporates compartments
for the nose because it is a site of metabolism and toxicity.
Currently, metabolism in these compartments results in ap-
proximately 10% of an inhalation dose being metabolized in
the nose at 1000 ppm. This approximates the nasal metabolism
observed with ethyl acetate and methyl methacrylate
(Anderseret al., 1999; Morris, 1990). The nasal compartment
will play a more significant role when nasal tissue dosimetry is
simulated for analyzing contact site toxicity.

The decreased respiratory tract availability of highly soluble
alcohols such as BUOH was modeled using a factor for frac-
tional absorption (Johanson, 1986). Blood BUOH concentra-
tions of 0.09 mM were measured in Sprague-Dawley rats after
6-h exposure to BUOH (Aarstaat al., 1985). Using the met-

0 60 120 180 240 300 abolic parameters previously established, a fractional absorp-
tion (fa) of 0.5 fitted the data.

No pharmacokinetic data were available for inhalation ex-

FIG.5. Model simulation and data for inhalation exposure to BuAc (GrotlbOsures to BUCHO or BUCOOH. The current model was struc-
and Freundt, 1991). The measured exposure concentrations (+) averaged ngd assumina complete absorption of these compounds into
ppm. Blood concentrations of BuAc (A) were consistently lower than those BLI" 9 p p P

BUOH (O) except at the very earliest times. The solid lines are the modél€ lung. No da_ta were available for Setting uptake parameters
simulation while the symbols represent the measured data. for oral absorption from the stomach; a first-order uptake rate

of 1.0 't was assumed for oral dosing simulations, based upon

, values used with a range of other compounds (Abbas and
Blood concentrations of BuAc, BUOH, and BUCOOH wergisher 1997 Bartoet al.. 1999: Corleyet al., 1994).

measured following iv dosing with 30 mg/kg radiolabeled
BuAc as described iMATERIALS AND METHODSClear- Estimating External Exposures Based upon Internal Dose
ance of BuAc was rapid following iv dosing, resulting in the Metrics

earliest measgrements occgrring in the tail of the peak (Fig-ThefundamentaI principle underlying the family approach is
6A). The maximum metabolic rate estimated from Groth angly; p,; estimating exposures of a compound and its metabolites
Freundt (1991) resulted in a peak concentration of BUOH thaly produce equivalent internal doses, the results of a toxicity
was too low. Therefore, higher rates of metabolism in blood @f,,qy with that compound can be used to estimate acceptable
liver would be estimated from these iv data. Absent Oth%&posure limits for its metabolites. Thus. if a NOAEL or
information, the arbitrary choice was made to double the '381C/D were established in a study usin,g BUAC exposure
of metabolism in the blood (Table 3), resulting in a betighere 4150 would have been internal systemic exposures to
simulation of the data (Fig. 6B). The rate and extent of filtrgs ,o4 BuCHO. and BUCOOH. By determining external ex-
tion of BuUOH is unknown. Studies with 2-butanol found uriog res for these compounds resulting in the same systemic
nary clearance up to 14% in different species, so a value of 30, Js,re. NOAELs or BMC/Ds can be estimated for each
h™ was used fokfilt2, resulting in about 10% urinary exere comnound. This process can be done by modeling a specific
tion (Dietzet al., 1981). The metabolism by tissues other tha§oAEL or BMC/D for BuAc. Alternatively, the models can be

liver speeds the clearance of BUOH at later times. Simulatiopg, iteratively for a range of doses to obtain the equivalent

of BUCOOH concentrations (Fig. 6C) provided estimates fg o5 res at all those doses for the other compounds. From

metabolism of BuCHO and BUCOOH. Again, no urinary €xpese graphs, equivalent external exposures can be determined
cretion data were available for butyric acid, so it was assumgfy he relationships among compounds are more apparent.
to be only a few percent, as observed for isobutyric acid in theBy way of example, we'll assume a NOAEL of 500 ppm for
rat (DiVincenzo and Hamilton, 1979). 6 h/day for butyl acetate inhalation. A 13-week subchronic
inhalation toxicity study (Bernard and David, 1996) and a
neurotoxicity study of BUAc observed no effects at this expo-
An important element of the family approach is extrapolasure level (Davidet al., 1998). Transient sedation and reduc-
tion of internal doses to multiple exposure routes. This processns in body weight gain in some animals were observed at
requires describing for each compound the characteristics1&00 ppm, with more significant effects at 3000 ppm.
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In the simulations of exposure to 500 ppm BuAc, blood
concentrations rapidly came to steady-state levels estimated at
6 M and 26uM for BuAc and BuOH respectively. Exposure
to 820 ppm of BUOH for 6 h/day also rapidly achieves a
steady-state blood concentration of 28 BuOH. The blood
AUCs for BUOH are the same (0.38mol*h/ml) arising from
these simulated BuAc or BUOH exposures. These exposures
also result in similar steady-state concentrations and blood
AUCs for BUCOOH (41 or 42.M and 0.24 or 0.2%mol*h/ml
from BuAc or BUOH, respectively). [The focus will be on these
three compounds (BuAc, BuOH, and BUCOOH) to simplify
the discussion and because there was some data supporting the
parameterization for these compounds.] Thus, exposure to 500
ppm BuAc or 820 ppm BuOH would be equivalent NOAELs
when effects are proportional to blood concentrations of BUOH
or its metabolites. If the effects arose in full or part from BuAc,
this would underestimate the NOAEL for BUOH, providing a
conservative health-protective point of departure for develop-
ing an acceptable exposure limit.

The apparently counterintuitive finding that a higher expo-
sure concentration of BUOH achieves similar blood levels to
those resulting from exposure to a lower concentration of
BuAc simply reflects the differences in their respiratory tract
absorption. Butyl acetate is essentially fully absorbed and its
systemic availability is likely reduced only 10-20% by nasal
metabolism (Morris, 1990). In contrast, BUuOH is a highly
water-soluble compound and its systemic availability may only
be about 40-50% by inhalation.

The PBPK model simulates internal concentrations arising
from external exposures. Estimating equivalent concentrations
requires repeated model runs to identify the appropriate expo-
sures. Therefore, we modified the model to run repeatedly,
incrementing the exposure concentration each time, to obtain
the dose-response relationship for the different internal dose
metrics. Equivalent exposures then could be estimated from the
graphs of these dose-response relationships. This is illustrated
with the blood AUCs for BUCOOH arising from inhalation
(Fig. 7) or oral dosing (Fig. 8) of BuAc or BUOH. Equivalent
exposures producing the same internal value for the dose
metric can be read off these graphs.

Under steady-state conditions achieved during extended in-
halation exposure, matching the blood concentration of BUAc
and BUOH results in very similar values for the AUCs in blood.
Some differences exist due to metabolism in different tissues
(e.g., liver and other tissue for BUOH). For transient exposures,
such as single oral doses, the relationships between concentra-
tions and AUCs are more complex. Both BuAc and BuOH are
subject to very extensive first-pass metabolism by the liver
following oral doses. Thus, equivalent molar amounts (e.g.,
500 mg/kg BuAc and 320 mg/kg BuOH) are predicted to

FIG. 6. Blood concentrations of BuAc, BUOH, and BUCOOH following iv
injection of BuAc. The symbols represent the measured data; the solid line is
the model simulation of the BuAc blood concentration. (A) BuAc (B) BUuOH
(C) BUCOOH.



ESTIMATING REFERENCE CONCENTRATIONS/DOSES 259

600 of consecutive steps that are fairly efficient, i.e., near 100%
conversion in all species. Thus, the body is exposed to similar
molar amounts and concentrations of each compound. The
compounds are generally not highly toxic and are often asso-
ciated with relatively nonspecific systemic effects, making the

N blood AUC a very reasonable choice for the appropriate inter-

e nal dose metric. This approach would also be applicable for

T eon other dose metrics such as peak concentration in blood. Dose
metrics in tissues could also be obtained by modeling, although
the supporting experimental work can be much more extensive.

For other compounds such as trichloroethylene, metabolism
involves complex branched metabolic pathways, making the

Tpharmacokinetic modeling more complex (Abbas and Fisher,

FIG. 7. Dose response for BUCOOH in blood following inhalation o . e .
BuAc or BUOH. The areas under the curve in blood for BUCOOH formed fron]igg7)' Branched pathways or low yield of a specific metabolite

BuAc or BUOH were estimated using the model. The curves are displaced ey limit the Uti”ty of the tOXiCity data within the fam”y

to the differences in the absorption of the two compounds in the respirat@pproach. The family approach will generally provide health-

tract. protective exposure limits for a minor metabolite. However,
there may be little information about the toxicities that such a

, . _metabolite would produce if exposures occurred at higher
produce higher peak concentrations of BUOH when dosiRgcentrations. If direct human exposures to the metabolite

with BUAc than with BUOH (12 vs. 4M for BuAc or BUOH \,1d be at higher concentrations, additional hazard identifi-
dosing, respectively). However, for BUCOOH the peak CORytion and dose-response information would be needed, requir-
centrations and AUC in blood and liver are predicted to Qﬁg toxicity studies for that particular compound.
nearly equivalent regardless of whether BuAc or BUOH is The family approach uses toxicity data obtained from testing
dosed, because both are rapidly and relatively completelyn 4 naturally produced mixture, i.e., the parent and metab-
metabolized to BUCOOH. o . olites. The composition of the mixture changes as exposure and
The mode of action resulting in the toxicity of concern is thg,etapolism proceed, although steady-state conditions can be
key determinant for selecting the appropriate dose metric (Bgfshieved such as occur for several members of the butyl series
ton et al,, 1998; U.S. EPA, 1996). Many systemic effects Qfjih inhalation exposure. Generally, the resulting exposure
butyl acetate and similar oxo process compounds are transigliss will be similar to those derived from testing individual
of low adversity/severity, or apparently nonspecific, such @8emicals or even more conservative. When there is no inter-
decreases in body weight gain. These effects appear 10 f&on among the compounds and the effect arises from a

concentration dependent and unlikely to depend on interactiqfgynstream metabolite, the results should be the same as for
with specific biologic receptors. For diffuse effects, there is

actually no way to define a specific target tissue. Thus, average
blood concentrations of the compounds should suffice as mea- s
sures of overall exposure of internal tissues during toXiCity | .
testing for many of the systemic effects associated with thE .| .
series of compounds. _ 300 | A

For some effects, such as neurotoxicity, the literature Q;] 250 1 »
related alcohols or esters may provide a sufficient basis f@r . ¢
selecting the appropriate dose metric (e.g., average daily cgﬁn—m» o
centration of alcohol) or limiting the choices of reasonablé x|
dose metrics (e.g., excluding the acid as unlikely to cause the 4| M@ﬂ

) . . : n

effects). In other cases, such as alterations in body weight gain, ,sasee : , ; : : ' BUX  (mmolesikg)
it may simply be necessary to assume that each metabolite **  **  ** ** * ® 0 *
alone might cause the effect (and the others were inactive) and °© 1000 2000 3000 a0 0T
then select the lowest equivalent exposure, to be protective in o 500 1000 1500 2000 2500
the absence of better information. . a0 oo o 2000 2500 000

500

300

BuCOOH AUCB (umoles*hr/ml

100

0 1000 2000 3000 4000 5000 6000

INHALED CONCENTRATION (pprm)

BuOH  (mg/kg)

BuCOOH  (mg/kg)

FIG. 8. Dose response for BUCOOH in blood following oral dosing with
BuAc, BUOH and BuCOOH. BuX represents the dose of each compound

The family approach offers the Opportunity for efficienﬂyaxpressed on a molar basis. The AUCs in blood for BUCOOH are essentially

. A . . entical on a molar basis because virtually all of the dosed compound is
obtaining and utilizing toxicity data. The example "lus”ate{;ﬂe abolized to BUCOOH. Multiple x-axes illustrate the differences in exposure

here., _the 0X0 process compounds, may 'have particylarly 9Qf3Ce when expressed on a milligram per kilogram basis due to the different
qualities for this approach. The metabolic pathway is a seri@slecular weights of the dosed compounds.

Applicability of the Family Approach
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